Introduction

44
Natural fibers derived from forests and crops can be valuable sources of nanofibers 45 as biomaterials with high added value, which have a large number of applications in 46 nanotechnology. Nanofibers derived from pure cellulosic materials are known as 47 microfibrillated celluloses (MFCs) and cellulose nanocrystals (CNCs). However, the 48 chemical composition of nanofibers derived from lignocellulosic biomass depends on the 49 biomass source employed and the treatment conditions applied. They are often called 50 lignocellulosic nanofibers (LCNFs) and may contain considerable amounts of lignin and 51 hemicellulose, leading to a lower material viscosity due to the hemicellulose charges that 52 reduce the interfibrillar interactions (Paakko et al., 2007) . 53 Because of their exceptional mechanical and strength properties, MFCs and CNCs 54 are usually applied as reinforcement materials in nanocomposites (Xu et al., 2013) . The 55 tensile strength of the crystal structure was assessed to be approximately 5 to 10 GPa 56 (Hancock et al., 2000) . The geometric dimensions of MFCs generally measure 10-40 nm in 57 diameter and more than 1 μm in length, yielding an aspect ratio of Plackett, 2010). CNCs generally measure 2-20 nm in diameter and exhibit a wide 59 distribution of lengths, ranging from 100 to 600 nm (Siró & Plackett, 2010) . Large CNCs 60 can be obtained from tunicate and bacterial celluloses, whereas CNCs from wood are 7 The β-glucosidase, xylanase, α-L-arabinofuranosidase, and β-xylosidase activities were 138 determined as described by Silva et al. (2013) . Monosaccharides and cellobiose were quantified using a high-performance liquid 161 chromatography system equipped with a refraction index detector (RI-2031 Plus; Jasco Co., 162 Japan), an Aminex HPX-87P column (7.8 mm I.D. x 30 cm; Bio-Rad, USA), and a de- Wide-angle X-ray diffraction patterns were obtained using a Rigaku RINT-TTR III 175 X-ray diffractometer (Tokyo, Japan), applying nickel-filtered Cu Kα radiation (λ = 0.1542 176 nm) at 50 kV and 300 mA. Disk pellets (measuring 1 cm in diameter, 0.8 mm in thickness, 177 and weighing 0.1 g) were prepared by compacting the freeze-dried samples under a 2 ton 178 load with a press (KBr-disk apparatus). The diffraction intensity was detected over the 2θ 179 range of 2°-60°, at intervals of 0.02° and a scan rate of 2°/min. The crystallinity index was 180 calculated according to Segal et al.(1959) .
181
The SSAs of the samples were obtained using a BELSORP-Max system (Bel Japan 182 Inc., Japan). Samples were initially degassed at 105 °C for 6 h. The SSA values were 183 determined on the basis of a multipoint analysis of nitrogen adsorption isotherms at liquid 184 9 nitrogen temperature (-196.15 °C) , using the Brunauer-Emmett-Teller method (Brunauer 185 et al., 1938) .
186
The morphology of samples after WDM treatment and after enzymatic hydrolysis 187 was observed by FE-SEM (S-4800N; Hitachi High-Tech. Co., Japan). The freeze-dried 188 biomass samples were coated as a 1-nm-thick layer by an osmium plasma coater (NEOC-189 AN; Meiwa Fosis, Japan). Images were captured at an accelerating voltage of 1.5 kV. The chemical composition of each material is summarized in In the WDM process, the samples were subjected to a large pressure drop by the 216 shearing and impact forces. These conditions led to a high degree of fibrillation, forming 217 long and twisted fibers from all materials with diameters ranging from 4 to 35 nm, as 218 indicated by SEM imaging (Figure 1) . With the aim being to obtain CNCs, the 219 microfibrillated materials prepared using WDM were hydrolyzed by a blend of purified 220 EGPh and BGPf, both expressed in E. coli, or by the commercial enzyme Optimash TM BG. microfibril. In the present study, we used enzymes with β-glucosidase activity to avoid 274 cellobiose accumulation and to allow for the co-production of CNCs and glucose syrups.
275
CNCs from cellulosic biomass show great potential for the dedicated production or co-276 production of CNCs and monosaccharides, which may increase the viability of producing 277 ethanol from cellulosic biomass (Duran et al, 2011; Zhu et al., 2011) .
278
CNCs with a relatively high aspect ratio were obtained by the effective adjustment 279 of their length and diameter via enzymatic hydrolysis (Supplementary material 2) . A 280 13 homogeneous distribution of fibers with nanoscale lengths were observed for Celish® KY, 281 Eucalyptus holocellulose, UKWP, and sugarcane bagasse, whose high frequency decreased 282 from 3000 to 600 nm, from 2000 to 500 nm, from 3000 to 750 nm, and from 1400 to 500 283 nm, respectively (Figure 4) . The aforementioned result is in accordance to Filson et al. concordance with the findings of this work, Henriksson et al. (1999 Henriksson et al. ( & 2007 suggested the 305 presence of less-ordered cellulose chains on the surface of and between cellulose crystalline 306 microfibrils that play a role in maintaining the whole microfiber structure. In addition, the 307 enzymatic hydrolysis of the amorphous regions along and between the crystalline 308 microfibrils can cause a swelling effect by exposing the internal chains to the water phase, 309 thus releasing the crystalline structures (Josefsson et al., 2008) . It has been reported that the swelling effect caused by the endoglucanase 326 pretreatment of wood pulp followed by mechanical treatment facilitates the fibrillation of 327 wood pulp into MFCs (Henriksson et al., 2007) . Indeed, this procedure allows for the 328 15 production of MFCs with a desirably higher aspect ratio than that obtained by acid 329 pretreatment (Paakko et al., 2007) . Enzymatic pretreatment was also studied by Zhu et al. CNCs, whereby the reaction mixture was subjected to microwave heating. This procedure 335 allowed for the formation of CNCs with widths of 30-80 nm and lengths of 100 nm to 1.8 336 mm, higher than those obtained in the present work. In the present study, the materials were 337 processed by a simpler mechanical pretreatment (viz., WDM) that allowed for the 338 formation of MFCs that could be enzymatically hydrolyzed to successfully form CNCs. It 339 is also noteworthy that the thermostable EGPh/BGPf blend can allow for the use of 340 advantageously higher temperatures in the hydrolysis step, thus hindering bacterial 341 contamination.
342
The morphological characteristics (e.g., the aspect ratio and crystallinity) of the 343 CNCs produced in this work make the structures suitable as potential nanomaterials for the 344 reinforcement of polymeric matrices. Moreover, the development of a process for obtaining 345 CNCs from cellulosic materials via a biotechnological route rather than an acidic one could 346 economically benefit a biorefinery platform, owing to the production of a biomaterial with 347 high added value. 
Conclusions
350
The enzymatic hydrolysis of wet-disk milled nanofibers showed the potential to 351 integrate CNCs and monosaccharides production not only from pure cellulose but also from 352 16 more complex and less-expensive materials such as UKWP and Eucalyptus holocellulose.
353
The dimensions of the CNCs were successfully adjusted by microfibrillation, followed by 
